The Rad51 (also known as RecA) family of recombinases executes the critical step in homologous recombination: the search for homologous DNA to serve as a template during the repair of DNA double-strand breaks (DSBs) [1] [2] [3] [4] [5] [6] [7] . Although budding yeast Rad51 has been extensively characterized in vitro 3,4,6-9 , the stringency of its search and sensitivity to mismatched sequences in vivo remain poorly defined. Here, in Saccharomyces cerevisiae, we analysed Rad51-dependent break-induced replication in which the invading DSB end and its donor template share a 108-base-pair homology region and the donor carries different densities of single-base-pair mismatches. With every eighth base pair mismatched, repair was about 14% of that of completely homologous sequences. With every sixth base pair mismatched, repair was still more than 5%. Thus, completing break-induced replication in vivo overcomes the apparent requirement for at least 6-8 consecutive paired bases that has been inferred from in vitro studies 6, 8 . When recombination occurs without a protruding nonhomologous 3′ tail, the mismatch repair protein Msh2 does not discourage homeologous recombination. However, when the DSB end contains a 3′ protruding nonhomologous tail, Msh2 promotes the rejection of mismatched substrates. Mismatch correction of strand invasion heteroduplex DNA is strongly polar, favouring correction close to the DSB end. Nearly all mismatch correction depends on the proofreading activity of DNA polymerase-δ, although the repair proteins Msh2, Mlh1 and Exo1 influence the extent of correction.
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Each monomer of Rad51 (homologue of bacterial RecA) binds three nucleotides of single-strand DNA (ssDNA). The resulting nucleoprotein filament engages in a search for homologous double-stranded DNA (dsDNA) to carry out strand exchange, the first step in DSB repair by homologous recombination 3 . A recent in vitro study concluded that an initial, stable encounter between Rad51-or RecA-bound ssDNA and mismatched dsDNA requires eight perfectly matched bases, and that extension of the heteroduplex proceeds in steps of three nucleotides bound to each Rad51 or RecA monomer 6 . Another study concluded that RecA-promoted strand exchange required segments of eight nucleotides that could tolerate a single mismatch 7 .
To examine the stringency of Rad51-mediated recombination in vivo, we designed substrates that placed mismatches along a 108-bp donor template and monitored DSB repair by break-induced replication (BIR). In BIR, only one DSB end shares homology with a donor (Fig. 1a) . Strand invasion between the resected, Rad51-coated single-stranded DSB end and the donor results in recruitment of DNA polymerases and copying of sequences to the end of the chromosome arm 10 . Our design sidesteps the need to excise a 3′ -ended nonhomologous tail from the invading end before initiating new DNA synthesis [11] [12] [13] [14] [15] . Tail removal proves to be a confounding variable when measuring the success of homologous recombination (see below).
A DSB was created using the galactose-inducible, site-specific homothallic switching (HO) endonuclease in strains lacking natural HO recognition sites 16 . The 108-bp region of shared homology includes the 5′ end of an artificial intron, so that when BIR is completed, a functional intron is formed and yeast become Ura3 + (Fig. 1a) . In the absence of mismatches, the viability of Ura3
+ cells completing BIR was 14% (Fig. 1b) . When shared homology was reduced from 108 bp to 54 or 27 bp, the frequency of Ura3
+ cells fell to 1% and 0.002%, respectively. Nonhomologous end-joining events, which do not cause cells to become Ura3 + , occurred at a frequency of about 0.8% and were not considered.
BIR was not sensitive to donors with a single mismatch at different positions relative to the 3′ end of the invading strand ( Fig. 1c and Extended Data Fig. 1a) . The use of a donor containing a single-base-pair insertion or deletion also did not reduce BIR (Fig. 1c) . When donors contained two, three or four evenly spaced mismatches, BIR frequencies decreased progressively to 45% of the no-mismatch control ( Fig. 1d and Extended Data Fig. 1b) . BIR was successful when donor sequences contained mismatches at every twelfth position, eleventh position and so on, down to every sixth base pair (around 6% success) (Fig. 1e) . Donors carrying mismatches every fifth base pair were as defective as a rad51Δ strain without mismatches (Fig. 1e) ; however, even these recombinants were Rad51-dependent (Extended Data Fig. 2 
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in vivo can occur when there is no possibility of eight consecutive base pairs; indeed, five consecutive base pairs appears to be sufficient to assure a modest level of recombination when the strand exchange machinery can 'step over' a mismatch and extend the heteroduplex. For successful recombination, heteroduplex DNA apparently must extend over most of the 108-bp length, because even 54 bp of perfect homology had a lower rate of recombination than the 108-bp segment with every ninth base pair mismatched (compare Fig. 1b and e) .
If we adopt the assumptions of the in vitro-modelled initial step 7, 17 , involving three Rad51 monomers (nine possible base pairs), our data imply that recombination can be successful in cases in which the initial stable encounter in vivo can occur when five consecutive base pairs can be formed and when there is a single mismatch in the remaining base-pairing sites (Extended Data Fig. 3 ). That the basic unit of encounter could be a Rad51 dimer is supported by studies of the initiation of RecA filament formation on ssDNA 18 and from some structural studies of Rad51 and its paralogues 4, 19 . We note that these models address only the first encounter between the Rad51 filament and the donoranalogous to the in vitro tests for initial, stable strand-pairing [6] [7] [8] -and do not address either barriers to extending the heteroduplex past other mismatches or cooperativity that could arise by extending the duplex. That the fit is reasonably good suggests that the initial, stable encounter is likely to be the efficiency-determining step.
We found that the presence of a nonhomologous tail at the 3′ end of the DSB profoundly affects recombination. We studied a previously described BIR assay 16 in which recombination occurs between UR and RA3 sequences-segments of the URA3 gene-that share 300-bp perfect homology (Fig. 2a) . HO-mediated induction generates a 68-bp nonhomologous tail that must be excised before new DNA synthesis can proceed from the 3′ end. Shorter nonhomologous tails were generated using the Cas9 endonuclease (Extended Data Figs 4, 5) . Compared to the 68-bp tail, the absence of a tail improved BIR sixfold. Even a 3-bp nonhomologous tail was a barrier to recombination (Fig. 2a) .
A nonhomologous tail also affects tolerance of mismatches. In spontaneous recombination a single-base-pair mismatch decreased recombination efficiency fourfold 20 . However, in the BIR assay shown in Fig. 1 , where HO cleavage does not produce a nonhomologous tail, neither a single mismatch nor the deletion of mismatch repair genes had any effect (Fig. 2b) . When we used Cas9 endonuclease to cleave 34 bp from the end of the 108-bp region, a single mismatch caused a more than twofold reduction in BIR (Fig. 2c) . Thus the presence of a nonhomologous 3′ tail promotes strong heteroduplex rejection. Moreover, deleting MSH2 improved recombination, even when there were no mismatches, as seen also in spontaneous recombination 20 . We conclude that a nonhomologous tail at the 3′ end during strand invasion is a major impediment to recombination and is a confounding variable when examining recombination between mismatched substrates.
We next examined how mismatches were corrected in the strand invasion heteroduplex ( Fig. 3a and Extended Data Fig. 6 ) by determining chimaeric junction sequences of Ura3 + recombinants. With substrates containing a single mismatch, there was a clear gradient of correction, with mismatches close to the 3′ end almost always repaired in favour of the donor sequence (Fig. 3b) . Donor sequences remained unchanged (data not shown). Correction at the ninth nucleotide was greater than 80% whether there was a single-base-pair mismatch or a single-nucleotide insertion or deletion. Mismatches at the 54th or 63rd positions were uncorrected, despite the fact that efficient recombination depends on homology extending for more than 54 bp (Fig. 1b) . 
The same gradient of correction was also seen for two, three or four evenly spaced mismatches (Fig. 3c) . When every ninth base pair was mismatched, including both transversion and transition mismatches or multiple adjacent mismatches (Fig. 3d-e) , there was a clear polarity to mismatch correction, extending inwards about 50 nucleotides. All mismatches 3′ to a given corrected mismatch were corrected. Although mismatches close to the invading terminus could create a short 3′ -ended flap and might attract the 3′ flap endonuclease Rad1-Rad10 to remove the non-homologous tail 11, 12 , deleting Rad1 did not affect correction ( Fig. 4b and Extended Data Table 1 ). Deleting mismatch repair genes also did not affect the correction of a single base mismatch near the 3′ end (Extended Data Table 1 ).
Nearly all correction was eliminated when the proofreading 3′ -to-5′ exonuclease activity 21 of DNA polymerase-δ (DNA Polδ) was ablated (pol3-01 strain) (Fig. 4b and Extended Data Table 1 ), suggesting that proofreading activity is responsible for correcting mismatches as far as 45 nucleotides from the 3′ end. In vitro studies have shown that 3′ -to-5′ resection can degrade efficiently into a dsDNA region lacking any heterologies 22 . We conclude that the proofreading activity of Polδ plays a major role in removing mismatches from the 3′ invading end during strand invasion (Fig. 4d) . Proofreading-defective DNA Polε (pol2-4 strain) had only a minor effect. Correction can extend more than 45 nucleotides from the 3′ end, but removing mismatches beyond about 30 nucleotides becomes dependent on Msh2, Mlh1 and the Exo1 exonuclease associated with mismatch repair (Fig. 4b) . We previously reported that nonhomologous tails of about 20 nucleotides could be removed by the 3′ -to-5′ exonuclease activity of Polδ 13 ; our results here suggest that such 'backing up' can continue into heteroduplex DNA.
Beyond about 40 nucleotides, Msh2 and Mlh1 appear to be required, possibly using Exo1 to excise these mismatches and then using Polδ to resynthesize the region or to stimulate further excision by Polδ . Although Msh2-Mlh1 could produce a patch of correction that would not necessarily include markers closest to the invading end (Fig. 4d,  left) , we found no such instances. It is unlikely that mismatches close to the 3′ end are simply unpaired and removed as a 3′ flap, because without Polδ proofreading, all the nucleotides of the invading strand can be incorporated into the DNA polymerase-extended BIR product.
Finally, we note that the presence of a nonhomologous tail at the 3′ end of the invading strand alters mismatch correction. Whereas a single mismatch at the fourth base is essentially always corrected when there is no 3′ tail, its repair was reduced to about half by the presence of a 34-nucleotide tail (Fig. 4a) . In the presence of a nonhomologous tail, a similar inhibition of correction occured when the substrates differed at every ninth position (Fig. 4c) . Thus the presence of the tail not only promotes Msh2-dependent anti-recombination, but also impairs mismatch correction that is presumably still pol3-dependent.
Our results differ from those of an analysis of gene conversion in which mismatch correction was seen more than 200 nucleotides from the DSB end 23 . We believe the difference reflects the more complex series of events that take place in gene conversion compared to the single strand invasion in BIR (Extended Data Fig. 7) . In gene conversion, sequences copied from the donor and then annealed to the resected second end can result in long tracts of heteroduplex DNA whose correction may be more dependent on the mismatch repair proteins. In our BIR system, we exclusively measure mismatch correction of heteroduplex DNA formed during the initial strand invasion (Extended Data Fig. 7) .
A common thread tying together topics such as the origins of genetic diversity, evolution and cancer biology is the origin and transmission of mutations. DNA sequence changes may arise not only during replication but also during recombination [24] [25] [26] . We show that Polδ can influence the inheritance of mutations during recombination between divergent sequences. Whereas proofreading suppresses an increase in spontaneous, replication-and repair-associated single-base-pair mutations, it increases the transmission of such mutations in heteroduplex DNA during strand invasion. Mismatch correction by Polδ occurring within the heteroduplex of the recombining substrate before new DNA synthesis exhibits strong polar co-correction (Fig. 4d) . Understanding the fate of mismatched sequences is also important for the design of gene-targeting strategies, as one proposed pathway involves a BIR-like, one-ended strand invasion mechanism 27, 28 , in which Polδ -mediated corrections may play an important role in dictating targeting outcomes.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. NAT) contain the 5′ sequences from the URA3 gene (UR), an artificial split-intron with only the splice-donor site (5′ SD) and the HO recognition site (HOcs), which was built using a combination of Gibson assembly (NEB), in vivo plasmid-based recombination in yeast and plasmid rescue. The recipient cassette was PCR amplified from the respective plasmid and integrated at the CAN1 locus on chromosome V by standard yeast transformation. Complete sequence information for the recipient and donors is presented in Supplementary Table 2 . Various 108-bp donors, first designed in silico, were obtained as synthetic gBlocks (IDT) and assembled into an existing pRS314-based (CEN4; TRP1) plasmid containing the 3′ splice-acceptor of the intron, the 3′ sequence from the URA3 gene (A3) and the TRP1 marker, using in vivo recombination and plasmid rescue from a yeast host strain. The desired donor cassettes were amplified from the plasmid using Phusion (NEB) and integrated at the FAU1 locus on chromosome V as described in ref. 16 by standard yeast transformation. The recipient and donor sequences used in this study are listed in Supplementary Table 2. Mutants were constructed using standard yeast gene deletion protocols. Pol3-01 and Pol2-4 mutants were created using Cas9-mediated gene targeting. A step-by step protocol describing Cas9-mediated gene targeting can be found at Protocol Exchange 29 . BIR assay. BIR efficiencies were determined as described previously 16 . In brief, cells were plated for individual colonies on YEPD + clonNat to retain the HOcs (which is marked with NAT). Approximately one million cells from individual colonies were appropriately diluted and simultaneously plated on YEPD plates to get the total cell count and on YEP-Gal plates for the induction of HO endonuclease. Cells that grew on YEP-Gal plates (DNA break survivors) were counted and replica plated on plates lacking uracil to determine BIR frequencies. For each replicate, Ura + frequencies were calculated as the total Ura + cells that grew on plates lacking uracil over the total cells on YEPD. To measure BIR, we analysed at least two replicates that comprise a few hundred colonies (ranging from ~ 100 to ~ 300). For those constructs in which viability (and therefore BIR) was less than 1%, the number of cells plated was appropriately scaled up from a few thousand to about a few million. Total cells plated were deduced from cells growing on serially diluted plates. The average of the replicates constituted mean BIR for that experiment. Experiments were independently repeated three times and averaged to arrive at the experimental mean. Experimental means were statistically compared by one-tailed Student's t-test and the standard error bars graphed using the inbuilt graphing software available in Graphpad Prism. * * P < 0.01, Student's t-test. Non-homologous end joining (NHEJ) efficiency was determined by replica plating cells that grew on YEP-Gal plates onto clonNAT plates. Experiments in which Cas9 was used to induce a chromosomal break were done as follows. First, a DSB was induced with HO by plating on YEP-Gal plates. Survivors that repaired their break by NHEJ were screened by replica plating on clonNAT plates 30 . Individual survivors were sequenced and those that showed CA sequence insertion were selected for the Cas9 experiment. Galactose-inducible Cas9 plasmids were transformed into the above NHEJ survivors. BIR assays were done essentially as described for HO except that cells were always maintained on 300 μ g/ml hygromycin to retain the plasmid. Analysis of recombination junctions. Sequence analyses to identify mismatch corrections were carried out using the alignment feature contained in the freely available DNA analysis software Serial Cloner 2.6.1 (F. Perez, Serialbasics). First, the reconstituted URA3 gene formed after BIR was PCR amplified using primers that were positioned at the start and end of the URA3 gene (Supplementary Methods). Individual PCR reactions were sequenced (Eton Bioscience Inc.) and aligned with the 108-bp recipient strand. If there were no changes to the recipient strand during BIR, the PCR product should show perfect alignment with the recipient strand. Mismatch correction was manually curated for each of the individual sequences. To determine per cent correction, about 50 samples were sequence analysed for each of the constructs.
The fraction of allowable binding sites was calculated using the custom-written MATLAB program allowable_config (see below for code availability). allowable_ config takes as its input the window size, period of mismatch and total number of base pairs and calculates the fraction of binding sites without any mismatches and the fraction of allowable binding sites under the criteria in which the binding window is broken up into a region that cannot tolerate any mismatches (first 5 bp) and a region that can tolerate up to one mismatch (last 4 bp). We used a window size of w = 9, period of mismatch of 1 to 60 and total number of base pairs of n = 100,000 for our calculations. allowable_config generates a column vector of n zeroes and introduces ones corresponding to the mismatch period. The zeroes represent correct base-pairings while the ones represent mismatches. allowable_ config considers every window of size w and assigns a pass or fail rating for each window. The program assigns pass or fail ratings for the case where there cannot be any mismatches in the window and for the case where there can be up to one mismatch in the window. The fraction of allowable binding sites is simply the ratio of the windows that pass to the total number of windows. Code availability. The custom-written MATLAB program allowable_config is available on request. Data availability. The data that support the findings of this study are available from the authors on reasonable request; see author contributions for specific datasets. 

